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Phenethyl isothiocyanate (PEITC), a constituent of edible
cruciferous vegetables such as watercress, not only affords sig-
nificant protection against chemically induced cancer in exper-
imental rodents but also inhibits growth of human cancer cells
by causing apoptotic and autophagic cell death. However, the
underlying mechanism of PEITC-induced cell death is not fully
understood. Using LNCaP and PC-3 human prostate cancer
cells as a model, we demonstrate that the PEITC-induced cell
death is initiated by production of reactive oxygen species
(ROS) resulting from inhibition of oxidative phosphorylation
(OXPHOS). Exposure of LNCaP and PC-3 cells to pharmaco-
logic concentrations of PEITC resulted in ROS production,
which correlated with inhibition of complex III activity, sup-
pression of OXPHOS, and ATP depletion. These effects were
not observed in a representative normal human prostate epithe-
lial cell line (PrEC). The ROS production by PEITC treatment
was not influenced by cyclosporin A. The Rho-0 variants of
LNCaP and PC-3 cells were more resistant to PEITC-mediated
ROS generation, apoptotic DNA fragmentation, and collapse of
mitochondrial membrane potential compared with respective
wild-type cells. The PEITC treatment resulted in activation of
Bax in wild-type LNCaP and PC-3 cells, but not in their respec-
tive Rho-0 variants. Furthermore, RNA interference of Bax and
Bak conferred significant protection against PEITC-induced
apoptosis. The Rho-0 variants of LNCaP and PC-3 cells also
resisted PEITC-mediated autophagy. In conclusion, the present
study provides novel insight into the molecular circuitry of
PEITC-induced cell death involving ROS production due to
inhibition of complex III and OXPHOS.

Novel strategies for prevention of prostate cancer are highly
desirable because of the high mortality associated with this
malignancy in American men (1). Epidemiological studies sug-

gest that dietary intake of cruciferous vegetables may offer pro-
tection against different malignancies, including prostate can-
cer (2–4). The anticarcinogenic effect of cruciferous vegetables
is attributed to organic isothiocyanates, which are released
upon processing (cutting or chewing) of these vegetables (5).
Phenethyl isothiocyanate (PEITC)3 is one such compound that
has received increasing attention due to its anticancer effects
(6–9). For example, PEITC is a potent inhibitor of pulmonary
tumorigenesis in rats induced by a tobacco-derived carcinogen
(6). Studies fromour laboratory have shown that PEITC admin-
istration retards growth of PC-3 human prostate cancer cells
subcutaneously implanted in male athymic mice without caus-
ing any side effects (10).
In addition to prevention of chemically-induced cancer in

experimental rodents, PEITC has been shown to reduce viabil-
ity of cancer cells in culture by causing apoptotic and auto-
phagic cell death (11–19). The mechanism by which PEITC
causes cell death is not fully understood, but known cellular
responses to this promising cancer chemopreventive agent
include G2/M phase cell cycle arrest (14), repression of andro-
gen receptor expression (18), and selective degradation of cel-
lular tubulins (20). Furthermore, PEITC treatment suppresses
angiogenesis in vitro and ex vivo by inhibiting Akt (21).
We showed previously that the PEITC-induced apoptosis in

PC-3 cells correlates with generation of reactive oxygen species
(ROS) (10). However, the mechanism underlying ROS genera-
tion remains elusive. Likewise, it is unclear whether normal
prostate epithelial cells are susceptible to PEITC-induced oxi-
dative stress. The present study addresses thesemechanistically
intriguing questions using PC-3 and LNCaP human prostate
cancer cells and a representative normal human prostate epi-
thelial cell line (PrEC) as a model.
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EXPERIMENTAL PROCEDURES

Reagents—Reagents including PEITC, N-acetyl-L-cysteine
(NAC), cyclosporin A (CsA), and antimycin A were purchased
from Sigma-Aldrich. Electron paramagnetic resonance (EPR)
spin probe 1-hydroxy-3-methoxy-carbonyl-2,2,5,5-tetrameth-
ylpyrrolidine (CMH) was obtained from Noxygen Science
Transfer and Diagnostics (Elzach, Germany). Reagents for cell
culture were purchased from Invitrogen. MitoSOX Red was
fromMolecular Probes (Eugene, OR) and JC-1 (5,5�,6,6�-tetra-
chloro-1,1�,3,3�-tetraethylbenzimidazolylcarbocyanine iodide)
was from Cell Technology (Mountain View, CA). The 4�,6-dia-
midino-2-phenylindole (DAPI), oligomycin, carbonyl cyanide
4-trifluoromethoxy-phenylhydrazone (FCCP), 2-deoxyglucose
(2-DG), rotenone, unbuffered DMEM, glucose, and phenol red
were obtained from Sigma-Aldrich. A kit for quantitation of
cytosolic release of histone-associated DNA fragments was
obtained from Roche Diagnostics (Mannheim, Germany).

Antibodies against catalase, Cu,Zn-
superoxide dismutase (SOD), and
Mn-SOD were from Calbiochem
(now part of EMD Group); anti-cy-
tochrome c and anti-Bax 6A7 anti-
bodies were from BD Pharmingen
(Palo Alto, CA); anti-Bak and anti-
Bax (polyclonal anti-Bax) antibod-
ies were from Santa Cruz Biotech-
nology (Santa Cruz, CA); and an
antibody against microtubule-asso-
ciated protein 1 light chain 3 (LC3)
was fromCell Signaling Technology
(Danvers, MA). The Bax-targeted
small interfering RNA (siRNA) was
obtained from Cell Signaling Tech-
nology, whereas Bak-specific siRNA
was procured from Santa Cruz Bio-
technology. A nonspecific control
siRNA was purchased from Qiagen
(Valencia, CA).
Cell Lines and Cell Culture—The

PC-3 and LNCaP (ATCC, Manas-
sas, VA) and PrEC (Clonetics, San
Diego, CA) cells were maintained
as described by us previously (12,
14, 19).
Measurement of ROS Produc-

tion—Stock solution of PEITC was
prepared in dimethyl sulfoxide
(Me2SO) and diluted with complete
medium immediately before use.
An equal volume of Me2SO (final
concentration �0.1%) was added to
the controls. The ROS generation
was assessed by confocal micros-
copy or flow cytometry after stain-
ing with MitoSOX Red and EPR
spectroscopy. For confocal micros-
copy, cells were plated on cover-
slips, allowed to attach, and treated

with Me2SO or PEITC for 4 h. The cells were then exposed to
1.5 �M MitoSOX Red for 15 min and 100 nM MitoTracker
Green for 20min at 37 °C, fixed in 2% paraformaldehyde for 1 h
at room temperature and washed, and the coverslips were
mounted onto slides. The cells were examined using a Leica
TSC spectral laser upright confocal microscope with a 63� oil
objective. All the settings were kept identical between different
experimental groups. In some experiments,MitoSOXRed fluo-
rescence was determined by flow cytometry. Briefly, control
and treated cells were rinsed with Hank’s balanced salt solution
supplemented with magnesium and calcium and treated with 5
�M MitoSOX Red for 30 min at 37 °C. The cells were collected
by trypsinization, washed with phosphate-buffered saline
(PBS), resuspended in Hank’s solution containing 1% bovine
serum albumin (BSA), and used for flow cytometric analysis.
The EPR was performed using a cell permeable spin probe
(CMH) (22) and a Bruker eScan Table-Top EPR spectrometer.

FIGURE 1. PEITC treatment caused ROS production in LNCaP and PC-3 human prostate cancer cells.
A, flow cytometric measurement of MitoSOX Red fluorescence in LNCaP and PC-3 cells treated with Me2SO or
5 �M PEITC for the indicated times. Results shown are mean � S.E. Total sample size is n � 6 per group. As
described under “Statistical Methods,” S.E. bars are estimated from the mixed effects ANOVA. Significantly
different (***, p � 0.001) compared with corresponding control by mixed effects ANOVA. B, confocal micros-
copy for MitoSOX Red and MitoTracker Green fluorescence in LNCaP cells treated with Me2SO or 2.5 �M PEITC
for 4 h. C, representative EPR spectra depicting CM� signal in PC-3 and LNCaP cells following 6 h treatment with
Me2SO or PEITC. Spectra represent five additive scans during the last 2 min (8 –10 min). EPR experiments were
repeated twice in duplicate in each cell line, and the results were consistent.
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The EPR samples (in KrebsHEPES buffer (pH 7.4)) were placed
in 50-�l glass capillaries, and scans were obtained at 37 °C (21%
O2). The EPR instrument settings were as follows: field sweep,
50G; microwave frequency, 9.78 GHz; microwave power, 20 mil-
liwatt; modulation amplitude, 2G; conversion time, 327 ms; time
constant, 655 ms; and receiver gain, 1 � 105. To minimize the
deleterious affects of adventitious metals, all buffers were treated
with Chelex resin and contained 25 �M defroxamine. Absence of
transition metals was confirmed by the inability to detect the
ascorbyl radical upon exposure of buffer to 100 �M ascorbic acid.
Spectra shown are representative of five additive scans over 2min
fromthe8- to10-min timeof incubation in theEPRcavity at 37 °C.
Determination of Apoptosis—Apoptosis was assessed by

determination of cytoplasmic histone-associated DNA frag-

mentation using a kit from Roche
Diagnostics and caspase-3 activa-
tion using a kit from Cell Signaling
Technology as instructed by the
supplier.
Ectopic Expression of SOD—The

PC-3 and LNCaP cells were tran-
siently transfected at �50% conflu-
ency with empty pcDNA3.1 vector
or vector encoding for Mn-SOD or
Cu,Zn-SOD (generously provided
by Dr Larry W. Oberley, University
of Iowa). Twenty-four hours after
transfection, the cells were treated
with Me2SO (control) or PEITC for
specified time periods. The cells
were collected and used for immu-
noblotting of SOD, determination
of MitoSOX Red fluorescence, and
detection of apoptosis. Immuno-
blottingwas performed as described
previously (12, 14).
Determination of Mitochondrial

Respiratory Chain Enzyme Acti-
vities—Complex I, II, and III activi-
ties were determined as described
previously (23). Cytochrome c oxi-
dase activity was measured accord-
ing to the method described by
Galati et al. (24) with some modifi-
cations. Briefly, 20 �g of lysate pro-
tein was added to a buffer contain-
ing 20 mM potassium phosphate
(pH 7.0) and 0.45 mM n-dodecyl-�-
D-maltoside. The reaction was ini-
tiated by the addition of 15 �M

cytochrome c, and decrease in ab-
sorbance was measured at 550 nm
for 10 min at 30 °C.
Measurements of Oxidative Phos-

phorylation (OXPHOS) and Glycol-
ysis Rates—Oxygen consumption
rate (OCR) and extracellular acidifi-
cation rate (ECAR) were measured

in real-time using a Seahorse BioscienceXF24 extracellular flux
analyzer (Billerica) (25). After optimization of cell number,
desired cells were seeded in XF 24-well microplates (1 � 104
cells/well for LNCaP and PrEC and 4� 104 cells/well for PC-3),
incubated at 37 °C for 20–24 h, and then exposed to Me2SO
(control) or 5 �M PEITC for 6 h. The cells were washed with
unbuffered DMEM and incubated for 1 h at 37 °C without CO2
in 750 �l of unbuffered DMEM (pH 7.4) supplemented with
GlutaMax-1 (200 mM), glucose (25 mM), sodium chloride (32
mM) andphenol red. The basal oxygen consumption and lactate
production were measured. Additional measurements were
performed after injection of four compounds that affect mito-
chondrial bioenergetics, including oligomycin (final concentra-
tion 1 �M) at injection A, FCCP (final concentration 300 nM) at

FIGURE 2. Effect of NAC on PEITC-mediated ROS generation and apoptosis. A, EPR spectra for CM� in PC-3
cells treated for 6 h with Me2SO or 5 �M PEITC without or with a 2-h pretreatment with 4 mM NAC. (NAC was
present during the PEITC treatment.) B, quantification of spectral intensity, peak to trough, of the up-field signal
(first peak on the left) of the CM� spectrum. Effect of pretreatment with NAC (2-h pretreatment) on PEITC-
mediated MitoSOX Red fluorescence relative to control in PC-3 (C) and LNCaP cells (E), and on cytoplasmic
histone-associated DNA fragmentation in PC-3 (D) and LNCaP cells (F). The cells were pretreated with 4 mM NAC
for 2 h and then exposed to 5 �M PEITC for 6 h (C and E) or for 24 h (D and F) in the presence of NAC. Results
shown are mean � S.E. Total sample size is n � 4 for data in B and n � 6 for other panels. Significantly different
(*, p � 0.05, **, p � 0.01, and ***, p � 0.001) between the indicated groups by mixed effects ANOVA.
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injection B, 2-DG (final concentra-
tion 100 mM) at injection C, and
rotenone (final concentration 1 �M)
at injection D. After completion
of the experiment, cells were
trypsinized and counted for nor-
malization. Results were analyzed
using algorithm described by Ger-
encser et al. (26).
Determination of ATP Levels—

ATP measurements were done
using the ATPlite kit from Perkin
Elmer (Waltham, MA). Briefly cells
were grown overnight in 96-well
black microplates and treated sepa-
rately with the indicated test com-
pounds for 45 min. The cells were
lysed by adding 50�l of mammalian
cell lysis solution followed by ad-
dition of 50 �l of substrate solu-
tion. The light produced was mea-
sured using a Biotek Synergy 2
plate reader (Winooski, VT) and
compared with a series of ATP
standards.
Generation of Rho-0 Variants of

LNCaP and PC-3 Cells and Deter-
mination of Mitochondrial Mem-
brane Potential—Generation and
characterization of Rho-0 variants
of LNCaP and PC-3 cells have been
described by us previously (23).
Mitochondrial membrane potential
wasmeasuredusing a potential-sen-
sitive dye JC-1 as described previ-
ously (27).
Analysis of Bax Activation—Acti-

vation of Bax was studied by immu-
nocytochemistry and determina-
tion of conformational change of
Bax. Immunocytochemical analysis
of Bax in control and PEITC treated
wild-type LNCaP and PC-3 cells
and their corresponding Rho-0 vari-
ants was determined essentially as
described previously for LC3 (19).
The cells were examined under a
Leica fluorescence microscope at
�100 objective magnification. Con-
formational change of Baxwas stud-
ied by immunoprecipitation using
anti-Bax 6A7 monoclonal antibody
followed by immunoblotting using
polyclonal anti-Bax antibody (28).
RNA Interference of Bax and

Bak—The RNA interference of Bax
and Bak was performed essentially
as described previously (29).

FIGURE 3. SOD overexpression inhibited PEITC-mediated ROS generation and apoptosis. MitoSOX
Red fluorescence (A and C) and cytoplasmic histone-associated DNA fragmentation (B and D) in cells
transfected with empty vector or vector encoding for Mn-SOD or Cu,Zn-SOD. The cells were treated with
Me2SO or 5 micromolar PEITC for 6 h for MitoSOX Red fluorescence assay and for 24 h for DNA fragmen-
tation assay. Insets, immunoblotting for Mn-SOD in PC-3 cells (A) or Cu,Zn-SOD in LNCaP cells (C) in cells
transfected with empty vector (lane 1) or vector encoding for the specified SOD (lane 2). Results shown are
mean � S.E. Total sample size is n � 6 per group. S.E. bars are estimated from the mixed effects ANOVA.
Significantly different (***, p � 0.001) between the indicated groups by mixed effects ANOVA.

FIGURE 4. Effects of antimycin A (Ant. A) and cyclosporin A (CsA) on PEITC-mediated ROS generation.
Effect of 1-h pretreatment with 10 �M antimycin A (A) or co-treatment with CsA (B) and PEITC on MitoSOX
Red fluorescence in LNCaP and PC-3 cells. Results shown are mean � S.E. Total sample size is n � 6 –9 per
group. As described under “Statistical Methods,” S.E. bars are estimated from the mixed effects ANOVA.
Significantly different (*, p � 0.05, **, p � 0.01, and ***, p � 0.001) between the indicated groups by mixed
effects ANOVA.
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Detection of Autophagy—Autophagy induction was assessed
by (a) immunoblotting for cleavage of LC3; (b) analysis of acidic
vesicular organelles; and (c) microscopic analysis of LC3 local-
ization as described previously (19).
Statistical Analysis—Each experiment was performed at

least twice in triplicate (except for the EPR experiments, where
n� 2). Tomaximize statistical powerwhile accounting for both
between- and within-experiment variation, all statistical com-
parisons were performed by means of mixed effects ANOVA
(30) using SAS (version 9.2) PROC MIXED (SAS Institute,
Cary, NC), including fixed effects (�i) for experimental vari-
ables (e.g. PEITC versus control), and random effects for exper-
iment (zj) and replicate within experiment (eijk): yijk � �i � zj �
eijk, zj �N(0,�2), eijk �N(0,�2).The S.E. of the estimatedmeans
therefore have contributions from both variance between
experiments (�2) and between replicates within experiments
(�2). The statistical significance of treatment effects was evalu-
ated using linear contrasts of the �i, normalized by appropriate
functions of �2 � �2. Bonferroni’s or Dunnett’s adjustments, as
appropriate, were applied to p values for between-treatment
comparisons following the primary ANOVA significance tests.
Statistical significance for OCR and ECARmeasurements were
performed by one-wayANOVA, and error bars for those exper-
iments represent the ANOVA standard error of the mean.

RESULTS

ROS Production by PEITC Treatment Was Selective for Can-
cer Cells—Initially, we used a cell-permeable and mitochon-
dria-targeting chemical probe (MitoSOX Red) to determine
ROS production by PEITC treatment in LNCaP and PC-3 cells.

Flow cytometry revealed statisti-
cally significant enrichment of
MitoSOX Red fluorescence over
Me2SO-treated control in LNCaP as
well as PC-3 cells following treat-
ment with 5 �M PEITC (Fig. 1A).
The PEITC-mediated increase in
MitoSOX Red fluorescence was evi-
dent as early as 2-h post-treatment
and persisted for the duration of the
experiment in both LNCaP and
PC-3 cells (Fig. 1A). Consistent with
these results, confocal microscopy
showed weak and diffuse red fluo-
rescence in LNCaP cells treated for
4 h with Me2SO (Fig. 1B). The
MitoSOX Red fluorescence was
markedly increased on a 4-h treat-
ment of LNCaP cells with 2.5 �M

PEITC. Furthermore, MitoSOX
Red signal co-localized with the
MitoTracker Green fluorescence as
evidenced by appearance of yellow-
orange color, which was very weak
in vehicle-treated control cells (Fig.
1B). These results indicated that
PEITC treatment causedmitochon-
drial superoxide generation. The

PEITC-mediated increase in MitoSOX Red fluorescence was
also observed in the PC-3 cells (supplemental Fig. S1).
MitoSOXRed signal was not observed in a normal PrEC treated
for 4 h with either 5 �M or 10 �M PEITC (results not shown).
Because of nonspecific reactions inherent to chemical probes

(31), we performed EPR using a cell permeable spin probe
(CMH) to confirm ROS production by PEITC in our model.
This spin probe has been shown to be two to five times more
sensitive for detection of superoxide compared with spin traps
5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide and 5-di-
ethoxyphosphoryl-5-methyl-1-pyrroline N-oxide in immortal-
ized lymphocytes stimulated with phorbol 12-myristate 13-ac-
etate (22). Fast reaction of superoxide with CMH produces a
stable 3-methoxycarbonyl-proxyl radical (CM�) that can be
detected by EPR (22). Fig. 1C depicts typical EPR spectra of CM�

in PC-3 and LNCaP cells following a 6-h treatmentwithMe2SO
(control) or 5 �M PEITC. The CM� signal was very weak in
Me2SO-treated control PC-3 and LNCaP cells but increased
markedly upon treatment with PEITC in both cell lines (Fig.
1C). Collectively, these results indicated that the PEITC-in-
duced ROS productionwas not a cell-line specific response, but
selective for prostate cancer cells.
PEITC-mediated ROS Production andApoptosisWere Atten-

uated by Antioxidants—Next, we designed experiments to test
the contribution of ROS in PEITC-induced apoptosis. As
shown in Fig. 2 (A and B) the PEITC-mediated increase in CM�

signal intensity in PC-3 cells was markedly suppressed in the
presence of NAC (2 h pretreatment with NAC and then a 6-h
treatment with PEITC in the presence of NAC). The NAC also
conferred protection against PEITC-mediated increase in

FIGURE 5. PEITC treatment inhibited complex III activity in LNCaP and PC-3 cells. Complex III activity in
LNCaP (A) and PC-3 cells (B), and cytochrome c oxidase activity in LNCaP (C) and PC-3 cells (D) following 24 h of
treatment with Me2SO or the indicated concentrations of PEITC. Results shown are mean � S.E. Total sample
size is n � 9 per group. As described under “Statistical Methods,” S.E. bars are estimated from the mixed effects
ANOVA. Significantly different (*, p � 0.05 and ***, p � 0.001) compared with control by mixed effects ANOVA.
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MitoSOXRed fluorescence (compare Fig. 2C for PC-3 cells and
Fig. 2E for LNCaP cells) as well as cytoplasmic histone-associ-
ated apoptotic DNA fragmentation in both PC-3 (Fig. 2D) and
LNCaP cells (Fig. 2F).
Contribution of ROS in proapoptotic response to PEITC

was confirmed by ectopic expression of SOD. Protein level
of Mn-SOD was �1.5-fold higher in PC-3 cells transiently
transfected with Mn-SOD compared with empty vector-
transfected control cells (Fig. 3A, inset). Even a modest 1.5-
fold overexpression of Mn-SOD conferred statistically signifi-
cant protection against PEITC-mediated ROS production
(Fig. 3A) and cytoplasmic histone-associated DNA fragmen-
tation (Fig. 3B) in PC-3 cells. Because overexpression of Mn-
SOD could not be achieved in LNCaP cells, we attempted to
transfect these cells with Cu,Zn-SOD. Ectopic expression of

Cu,Zn-SOD (�1.5-fold overexpres-
sion compared with empty vector-
transfected control cells) in LNCaP
cells significantly inhibited PEITC-
induced ROS generation (Fig. 3C)
and DNA fragmentation (Fig. 3D).
Taken together, these results indi-
cated that proapoptotic response
to PEITC is intimately linked to
ROS production in both PC-3 and
LNCaP cells.
PEITCTreatment Inhibited Com-

plex III Activity in Prostate Cancer
Cells—Increased MitoSOX fluo-
rescence resulting from treatment
with antimycin A, a known phar-
macological inhibitor of complex
III, was marginally affected in the
presence of PEITC (Fig. 4A). Evi-
dence exists for permeabilization of
mitochondrialmembrane by a com-
poundwith some structural similar-
ity to PEITC, 4,4�-diisothiocyana-
tostilbene-2,2�-dilsulfonic acid (32).
We raised the question of whether
ROS production in our model was
preceded by opening of the mito-
chondrial permeability transition
pore. We addressed this question
using CsA, an inhibitor of mito-
chondrial permeability transition.
Co-treatment with CsA failed to
attenuate PEITC-mediated increase
in MitoSOX Red fluorescence in
either LNCaP or the PC-3 cells (Fig.
4B). The PEITC-mediated increase
in MitoSOX Red fluorescence was
not attenuated even after a 1-h pre-
treatment with 1 �M CsA (supple-
mental Fig. S2) or 10 �M CsA
(results not shown). These results led
us to conclude that the PEITC-in-
duced ROS generation was not sec-

ondary to themitochondrial permeability transition opening.
Next, we proceeded to test whether PEITC treatment

affected mitochondrial respiratory chain activities. Treatment
of LNCaP (Fig. 5A) and PC-3 cells (Fig. 5B) with PEITC resulted
in a dose-dependent and statistically significant decrease in the
activity of complex III. Inhibition of complex I or complex II
activity on treatment with PEITC was not observed in either
cell line (results not shown). Because a recent study showed that
mitochondria fromcellswith knockdownofVb subunit of cyto-
chrome c oxidase, the terminal enzyme of the mitochondrial
respiratory chain, were susceptible not only to loss of cyto-
chrome c oxidase activity but also increased ROS production
(24), determination of the effect of PEITC on cytochrome c
oxidase activity seemed prudent. The PEITC treatment did not
alter cytochrome c oxidase activity in LNCaP (Fig. 5C) or PC-3

FIGURE 6. PEITC treatment inhibited OXPHOS in LNCaP cells. Pharmacologic profiling of OCR, indicative of
OXPHOS in LNCaP (A) and PrEC cells (B) treated for 6 h with Me2SO or 5 �M PEITC through real-time measure-
ments using the Seahorse Bioscience XF24 extracellular flux analyzer. After measurement of basal oxygen
consumption (C and D), the cells were treated with a series of metabolic inhibitors, including oligomycin
(injection A); FCCP (injection B); 2-DG (injection C); and rotenone (injection D) at the indicated times. Basal
oxygen consumption was calculated using the difference between the mean of time points prior to injection A
(squares 1– 4) and prior to injection B (squares 5 to 7; oligomycin-sensitive) (X̄1– 4 � X̄5–7). Reserve respiration
capacity area under the curve (AUC) for LNCaP (E) and PrEC cell lines (F) calculated using the time point (square
7) prior to injection B through the time point (square 13) just prior to injection D. Results are expressed as
mean � S.E. of five and four biological experiments performed in triplicate for LNCaP and PrEC, respectively.
Significantly different (***, p � 0.001) compared with control by one-way ANOVA followed by Dunnett’s test.
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cells (Fig. 5D) except for a modest decrease at 2.5 �M concen-
tration in LNCaP cells.
PEITC Treatment Inhibited OXPHOS in Prostate Cancer

Cells—We proceeded to determine the effect of PEITC treat-
ment on mitochondrial bioenergetics (oxygen consumption
and extracellular acidification) using LNCaP, PC-3, and PrEC
cells. Prior to examining the effect of PEITC treatment onmito-
chondrial function, we measured the basal OCR, a measure of
OXPHOS. The LNCaP cell line exhibited a considerably higher
basal oxygen consumption rate compared with PrEC (Fig. 6, A
and B) or PC-3 cells (supplemental Fig. S3, A and C). To exam-
ine both the spare and total reserve capacity for OXPHOS,

LNCaP and PrEC cells were sequen-
tially exposed to four metabolic in-
hibitors: oligomycin, FCCP, 2-DG,
and rotenone. Addition of oligomy-
cin, which is an inhibitor of F1F0-
ATPase complex V, blocked ATP
synthesis and caused an inhibition
of electron flow. As a consequence,
oligomycin addition decreased the
OCR in both normal and cancer-
ous prostate cells. FCCP injection
uncouples mitochondrial respira-
tion from ATP synthesis, giving a
measure of spare respiratory capac-
ity in both cell lines. After injection
of 2-DG, a glucose analog that
inhibits hexokinase, cells showed an
increase in OCR as a result of an
activation of the reserve respiratory
capacity (33, 34). Finally, addition of
the complex I inhibitor rotenone led
to a block in electron flow through
the mitochondrial respiratory com-
plexes and a dramatic decrease in
oxygen consumption, as evidenced
by the drop in the OCR observed in
both LNCaP and PrEC cells (Fig. 6,
A and B). Despite the lower OCR in
PrEC cells, both cell lines had a sim-
ilar response to themetabolic inhib-
itors, in the absence of PEITC (Fig.
6, A and B). The PEITC showed
remarkable differential effects on
the two cell lines. The LNCaP cells
exposed to PEITC (6-h treatment)
revealed a significant decrease in
OCR (Fig. 6C), in contrast to the
PrEC cells in which PEITC treat-
ment had no effect (Fig. 6D). After
6 h of treatment with 5 �M PEITC,
the rate of basal oxygen consump-
tion (basal OCR minus oligomycin-
sensitive OCR) in LNCaP cells
decreased 1.8-fold compared with
control cells (Fig. 6C). We also esti-
mated changes in the reserve respi-

ratory capacity of LNCaP and PrEC cells in response to PEITC
treatment. Area under the curve was used as a measure of total
reserve capacity at the time point 7, just prior to FCCP injec-
tion, through the timepoint 13 immediately preceding the rote-
none injection. The PEITC treatment caused a 2.3-fold reduc-
tion in the reserve respiratory capacity in LNCaP (Fig. 6E), and
no significant change in PrEC cells (Fig. 6F). The PEITC treat-
ment (5 �M, 6 h) also resulted in a 1.4-fold reduction of basal
OCR in PC-3 cells, but amodest increase in reserveOCR capac-
ity (supplemental Fig. S3, A, C, and E). These results indicated
that PEITC treatment significantly impacted LNCaP and PC-3
cells by decreasing their basal OCR and/or reserve respiratory

FIGURE 7. PEITC treatment decreased glycolysis and ATP levels in LNCaP cells. Pharmacologic profiling of
ECAR in LNCaP (A) and PrEC cells (B) through real-time measurements using a Seahorse Bioscience XF24
extracellular flux analyzer following 6 h of treatment with Me2SO or 5 �M PEITC. After measurement of basal
lactate production, the cells were treated with metabolic inhibitors as described in the legend to Fig. 6. Area
under the curve (AUC) for total glycolysis activity in LNCaP cells (C) and PrEC cells (D) after inhibition of oxidative
phosphorylation calculated using the time point just prior to injection A (square 4) until the second to last point
(square 15). Results are expressed as mean � S.E. of five and four biological experiments performed in triplicate
for LNCaP and PrEC, respectively. Steady-state levels of ATP in LNCaP (E) and PrEC cells (F) treated with Me2SO
or PEITC in the absence or presence of the metabolic inhibitors. Results shown are mean � S.E. of four or two
biological repeats performed in quadruplicate for LNCaP and PrEC cells, respectively. Significantly different (*,
p � 0.05, **, p � 0.01, and ***, p � 0.001) compared with control by one-way ANOVA followed by Dunnett’s test.
Oligo, oligomycin; Rot, rotenone.
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capacity, whereas PEITC exhibited little effect on the respira-
tion of the PrEC cells.
The ECAR,which is indicative of lactate production and con-

sequently glycolysis, was measured simultaneously with OCR.
It is important to consider and analyze both rates to fully appre-
ciate the effect of PEITC on cellular bioenergetics. A real-time
analysis of ECAR in LNCaP and PrEC cells are shown in Fig. 7,
A and B, respectively. The ECAR profile showed a higher level
(4.2-fold) of lactate production in LNCaP cells (Fig. 7A) com-
pared with PrEC cells (Fig. 7B). Total glycolysis after inhibition
ofOXPHOSwas calculated using area under the curve between
the time points, just prior to the injection of oligomycin (time
point 4), until the second to last point (time point 15). The
LNCaP cells treated with 5 �M PEITC demonstrated a decline
in the glycolytic activity by�2-fold comparedwith control (Fig.
7C). The PEITC treatment did not affect ECAR in PrEC cells
(Fig. 7D). We also determined the effect of PEITC treatment (5
�M, 6 h) on ECAR in PC-3 cells (supplemental Fig. S3,B andD),
which was unaffected by PEITC treatment.
PEITC Treatment Lowered ATP Levels in LNCaP Cells—Be-

cause PEITC lowered both OXPHOS and glycolysis in LNCaP
cells, this decrease in bioenergetics should result in a decrease
in the steady state levels of ATP. To this end, the PEITC-treated
LNCaP cells exhibited a 1.3-fold decrease in ATP concentra-
tion (Fig. 7E). This was not evident in PC-3 cells (supple-
mental Fig. S3F). Interestingly, whereas PrEC cells show a lower
rate of OCR and ECAR than LNCaP cells, the ATP levels were
similar on per cell basis (Fig. 7, E and F). However, PEITC treat-
ment caused a slight but insignificant increase in steady-state
levels of ATP in the PrEC cell line (Fig. 7F). Nonetheless, both
LNCaP and PrEC cells showed flexibility in switching from
OXPHOS to glycolysis in the production of ATP. Taken
together, these data indicated that LNCaP cells have increased
energy demands as compared with the normal cell counterpart
PrEC.We also can conclude that the increase in dependence on
ATP production supported by both OXPHOS and glycolysis in
LNCaP cells apparently makes these cancer cells much more
vulnerable to the inhibitory effects of PEITC compared with
PrEC.
Rho-0 Variants of LNCaP and PC-3 Cells Were Resistant to

PEITC-induced Apoptosis—To firmly establish the contribu-
tion of mitochondrial ROS in proapoptotic response to PEITC,
we generatedRho-0 variants of LNCaP andPC-3 cells.Of the 13
polypeptides encoded by the mitochondrial DNA, many are
integral components of the mitochondrial respiratory chain
complexes including complexes I and III (35). The Rho-0 cells
lack OXPHOS, and their survival is dependent on ATP derived
from anaerobic glycolysis, but these cells have functional F1F0-
ATPase (36, 37). For example, the F1F0 complex from Rho-0
cells has low ATP synthase activity but robust ATPase activity
(38). Finally, it has been shown that Rho-0 cells maintain their
mitochondrial membrane potential by running the complex in
reverse hydrolyzing ATP from glycolysis to generate the mito-
chondrial membrane potential (39). Exposure of wild-type
LNCaP and PC-3 cells to 5 �M PEITC for 4 h resulted in ROS
generation over Me2SO-treated control (Fig. 8A). The ROS
production by PEITC treatment was either not observed at all
or very low inRho-0 cells (Fig. 8A). ThePEITC treatment (5�M,

24 h) caused significant increase in cytoplasmic histone-associ-
ated DNA fragmentation in the wild-type LNCaP and PC-3
cells compared with corresponding Me2SO-treated controls
(Fig. 8B). The PEITC-mediated increase in cytoplasmic his-
tone-associatedDNA fragmentationwas significantly inhibited
in the Rho-0 variants of LNCaP and PC-3 cells (Fig. 8B). Con-
sistent with these results, the Rho-0 variants of both cell lines
were significantlymore resistant to PEITC-mediated activation
of caspase-3 (Fig. 8C), as well as collapse of mitochondrial
membrane potential (Fig. 8D) compared with respective wild-
type cells. Collectively, these results indicated that ROS acted
upstream of disruption of themitochondrial membrane poten-
tial in execution of PEITC-induced apoptosis cascade.
PEITC Treatment Caused Mitochondrial Translocation of

Bax—The results presented thus far confirmed a critical role of
ROS in initiation of proapoptotic signal transduction by PEITC
but did not shed light onmechanisms downstream of ROS pro-
duction in PEITC-induced cell death. In the normal state, pro-

FIGURE 8. Rho-0 variants of LNCaP and PC-3 cells were resistant to apo-
ptosis induction by PEITC. A, ROS production; B, DNA fragmentation;
C, caspase-3 activation; and D, monomeric JC-1 associated green fluores-
cence (a measure of mitochondrial membrane potential collapse) in wild-
type LNCaP and PC-3 cells and their respective Rho-0 variants following a 4-h
treatment (A and D) or 24-h treatment (B and C) with Me2SO or 5 �M PEITC.
Results shown are mean � S.E. Total sample size is n � 6 per group. As
described under “Statistical Methods,” S.E. bars are estimated from the mixed
effects ANOVA (*, p � 0.05, **, p � 0.01, and ***, p � 0.001).
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apoptotic protein Bax resides in the
cytosol but translocates to themito-
chondria upon apoptotic stimuli
including oxidative stress (40, 41).
We initially tested the possibility
whether PEITC treatment caused
mitochondrial translocation of Bax
by immunofluorescence micros-
copy. As shown in Fig. 9A, the
Me2SO-treated wild-type LNCaP
and PC-3 cells exhibited very weak
Bax-associated green fluorescence.
Treatment of wild-type LNCaP and
PC-3 cells with 2.5�MPEITC for 8 h
resulted in enrichment of the Bax
protein in both cytosolic (green
fluorescence around DAPI-stained
nuclei) and the mitochondrial frac-
tion evidenced by yellow-orange
staining due to the merging of Bax-
associated green fluorescence and
MitoTracker Red-associated red
fluorescence (Fig. 9A). The mito-
chondrial translocation of Bax upon
treatment with PEITC was not
readily apparent in the Rho-0 vari-
ants of LNCaP or PC-3 cells (Fig.
9A). Next, we determined confor-
mational change (activation) of Bax
by immunoprecipitation of acti-
vated Bax from the lysates of control
and PEITC-treated wild-type and
Rho-0 LNCaP and PC-3 cells using
a monoclonal antibody (anti-Bax
6A7) that recognizes an epitope at
the N terminus of the activated Bax
followed by immunoblotting using
polyclonal anti-Bax antibody. The
PEITC treatment (2.5 �M for 8 h)
caused conformational change of
Bax in wild-type LNCaP and PC-3
cells but not in their Rho-0 variants
(Fig. 9B). A modest increase (�1.4-
to 1.9-fold) in level of total Bax
protein was also observed in the
PEITC-treated cells (Fig. 9B).More-
over, the PEITC treatment caused
release of cytochrome c in wild-type
cells but not in Rho-0 variants (data
not shown). These results indicated
that PEITC-mediated ROS produc-
tion resulted in conformational
change and mitochondrial translo-
cation of Bax.
We utilized siRNA to further

probe into the role of Bax and Bak
(Bak protein resides in the mito-
chondria) in regulation of PEITC-

FIGURE 9. ROS-dependent Bax activation in PEITC-induced apoptosis. A, immunocytochemical stain-
ing for Bax (green fluorescence), mitochondria (MitoTracker Red-associated red fluorescence), and nuclei
(blue fluorescence) in wild-type and Rho-0 LNCaP and PC-3 cells following an 8-h treatment with Me2SO
(control) or 2.5 �M PEITC. B, analysis of conformational change of Bax using lysates from wild-type LNCaP
and PC-3 cells and their Rho-0 variants following an 8-h treatment with Me2SO or 2.5 �M PEITC. Active Bax
with conformational change was immunoprecipitated (IP) from equal amounts of lysate proteins using
anti-Bax 6A7 monoclonal antibody and immunoprecipitates were subjected to immunoblotting (IB) using
polyclonal anti-Bax antibody. Immunoblotting for total Bax protein also was performed using cell lysate.
Immunoblotting for Bax and Bak (C), cytoplasmic histone-associated DNA fragmentation (D), and
caspase-3 activation (E) in PC-3 cells transiently transfected with a control nonspecific siRNA or combined
Bax and Bak-targeted siRNA and treated for 24 h with Me2SO or the indicated concentrations of PEITC.
Results shown are mean � S.E. Total sample size is n � 6 per group. As described under “Statistical
Methods,” S.E. bars are estimated from the mixed effects ANOVA. Significantly different (***, p � 0.001)
compared with corresponding Me2SO-treated control by mixed effects ANOVA.
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induced apoptosis using PC-3 cell line. As shown in Fig. 9C, the
levels of Bax and Bak proteins were reduced by 	80% in PC-3
cells transfected with Bax and Bak-targeted siRNA (Fig. 9C).
The PEITC treatment (24 h) caused a dose-dependent and sta-
tistically significant increase in DNA fragmentation (Fig. 9D)
and caspase-3 activation (Fig. 9E) in PC-3 cells transfected with
the control nonspecific siRNA. On the other hand, combined
knockdown of Bax and Bak proteins conferred significant pro-
tection against PEITC-induced apoptosis (Fig. 9,D and E). Col-

lectively, these results pointed
toward an important role of Bax and
Bak in regulation of PEITC-induced
apoptosis.
PEITC-induced Autophagy Was

Inhibited in Rho-0 Cells—A recent
study has implicated ROS produc-
tion and catalase degradation in
induction of autophagy (42). We
therefore raised the question of
whether autophagic response to
PEITC in prostate cancer cells (19)
also was linked to the ROS. As
shown in Fig. 10A, the PEITC treat-
ment hadminimal effect on catalase
protein level in wild-type LNCaP
cells as well as in its Rho-0 variant.
We did not observe degradation of
catalase in either Me2SO-treated
control LNCaP cells or in the
PEITC-treated cells. We deter-
mined autophagic response to
PEITC by analysis of processing and
recruitment of LC3 and formation
of acidic vesicular organelles, which
are hallmarks of autophagy (43).
The LC3 protein (18 kDa) is cleaved
by autophagic stimuli to a 16-kDa
intermediate (LC3-II) that localizes
to the autophagosomes (43). The
PEITC treatment resulted in cleav-
age of LC3 in wild-type LNCaP cells
(Fig. 10A). The PEITC-mediated
cleavage of LC3was suppressed par-
tially in the Rho-0 variant of LNCaP
(Fig. 10A). In agreement with these
results, the PEITC-induced (5 �M,
9 h) formation of acidic vesicular
organelles relatively was more pro-
nounced in the wild-type LNCaP
cells than in its Rho-0 variant (Fig.
10B). Recruitment of LC3-II to the
autophagosomes is characterized by
punctate pattern of its localization.
TheMe2SO-treated (9-h treatment)
wild-type LNCaP cells exhibited dif-
fuse andweak LC3-associated green
fluorescence (Fig. 10C). On the
other hand, the wild-type LNCaP

cells treated for 9 hwith 5�MPEITCexhibited punctate pattern
of LC3 immunostaining (Fig. 10C). The PEITC-induced
recruitment of LC3 to autophagosomes was significantly inhib-
ited in Rho-0 LNCaP cells (Fig. 10D). Experiments in PC-3 cells
also indicated that the PEITC-mediated autophagic response
was partially suppressed in Rho-0 cells compared with wild-
type counterpart (Fig. 10, E and F). These results indicated that
the PEITC-induced autophagy was partially dependent on ROS
generation.

FIGURE 10. Role of ROS in PEITC-induced autophagy. A, immunoblotting for catalase and LC3 using lysates
from wild-type LNCaP cells and its Rho-0 variant following a 6- or 9-h treatment with Me2SO or 5 �M PEITC.
B, analysis of acidic vesicular organelles (yellow-orange) in wild-type LNCaP cells and its Rho-0 variant following
a 9-h treatment with Me2SO or 5 �M PEITC (�100 objective magnification). C, immunofluorescence micro-
scopic analysis for punctate pattern of LC3 localization in wild-type LNCaP cells and its Rho-0 variant following
9 h of treatment with Me2SO or 5 �M PEITC (�100 objective magnification). D, percentage of cells with punctate
pattern of LC3 localization in wild-type LNCaP and its Rho-0 variant following a 9-h treatment with Me2SO or 5
�M PEITC. Results shown are mean � S.E. Total sample size is n � 4 –5 per group. S.E. bars are estimated from the
mixed effects ANOVA. Significantly different (***, p � 0.001) between the indicated groups by mixed effects
ANOVA. E, immunoblotting for cleaved LC3-II using lysates from wild-type (WT) PC-3 cells and its Rho-0 variant
following a 6- or 9-h treatment with Me2SO or 5 �M PEITC. F, immunofluorescence microscopic analysis for LC3
localization in wild-type PC-3 cells and its Rho-0 variant following 9 h of treatment with Me2SO or 5 �M PEITC
(�100 objective magnification).
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DISCUSSION

Previous work pointed toward involvement of ROS in cellu-
lar responses to PEITC (10, 44, 45), but the mechanism under-
lying ROS production was unclear. The present study indicates
that ROSgeneration by PEITC in humanprostate cancer cells is
mitochondria-derived. This conclusion is supported by the fol-
lowingexperimental data: (a) thePEITCtreatment causesdose-
dependent and significant inhibition of complex III activity in
LNCaP and PC-3 cells; (b) the PEITC-treated LNCaP and PC-3
cells exhibit a decrease in basal OXPHOS; (c) PEITC-treatment
also lowered glycolysis in LNCaP cells; (d) this PEITC-mediated
decrease in OXPHOS and glycolysis in LNCaP cells caused a
decrease in steady-state levels of ATP; and (e) the Rho-0 vari-
ants of both LNCaP and PC-3 cells significantly are more resis-
tant toROSgeneration and apoptosis induction byPEITCcom-
pared with their respective wild-type counterparts. Even
though further studies are needed to determine the precise
mechanism by which PEITC inhibits complex III activity, it is
possible that PEITC being an electrophilic molecule covalently
modifies critical sulfhydryl groups on subunit(s) of complex III.
In this regard, direct covalent modification of cellular proteins
has been suggested to be an important early event in the induc-
tion of apoptosis by PEITC (20).
Because ROS production is linked to the pathogenesis of

many chronic diseases including cancer, the potential adverse
effects of PEITC-mediated ROS production cannot be ignored.
However, the results of the present study and previous obser-
vations by us and others support the view that ROS generation

by PEITC is harmful only to the can-
cer cells. First, PEITC is abundant in
cruciferous vegetables (e.g. water-
cress) consumed by humans on a
daily basis, yet epidemiological data
indicate an inverse association
between dietary intake of crucifer-
ous vegetables and the risk of pros-
tate cancer (3). Second, PEITC
administration is well tolerated by
experimental animals (5, 10, 19).
Third, the PEITC-mediated ROS
generation, inhibition of OXPHOS,
and depletion of ATP are selective
for prostate cancer cells because
these effects are not observed in a
representative normal prostate epi-
thelial cell line (present study).
Another critical goal of the pres-

ent studywas to gain insight into the
signal transduction downstream of
ROS generation in execution of
PEITC-mediated cell death. ROS
have been shown to function
upstream of cytochrome c release
and caspase activation by certain
apoptotic stimuli such as hyperoxia
(41). At the same time, generation of
ROS downstream of the release of
cytochrome c has also been de-

scribed in some cellular models of mitochondria-mediated
apoptosis (46). In our model, the ROS function upstream of
mitochondrial changes in cell death cascade. The PEITC-me-
diated cytosolic release of cytochrome c is observed inwild-type
prostate cancer cells but not in their Rho-0 variants (results not
shown). The Rho-0 variants of LNCaP and PC-3 cells also are
resistant to the PEITC-mediated activation of caspase-3. In
addition, the PEITC-mediated collapse of mitochondrial mem-
brane potential is quite obvious in wild-type LNCaP and PC-3
cells but not in their Rho-0 variants. The present study also
demonstrates that PEITC treatment causes ROS-dependent
activation andmitochondrial translocation of Bax. The PEITC-
mediated activation andmitochondrial translocation of Bax are
observed in wild-type LNCaP and PC-3 cells but not in their
Rho-0 variants.
Previous studies have shown involvement of ROS in autoph-

agic response to some stimuli including chemical inhibitors of
mitochondrial respiratory chain and caspase inhibitor zVAD
(42, 47). For example, autophagic cell death resulting from
treatment ofmurine L929 cell line with caspase inhibitor zVAD
was shown to be associated with ROS generation and degrada-
tion of catalase (42). Interestingly, the ROS generation and cat-
alase degradation occurred downstream of zVAD-mediated
autophagy in L929 cells (42). In our system, the PEITC-medi-
ated autophagy is partially dependent upon ROS production,
but independent of catalase degradation. The following obser-
vations provide support to this conclusion: (a) the PEITC-me-
diated cleavage and recruitment to autophagosomes of LC3 is

FIGURE 11. Schematic presentation of a mechanistic model explaining PEITC-induced cell death in
human prostate cancer cells, involving inhibition of complex III activity leading to ROS production, Bax
activation, collapse of mitochondrial membrane potential, caspase-3 activation and eventual cell
death. The PEITC-induced autophagic death is also partly dependent on ROS production, but the precise
mechanism by which ROS regulate autophagy induction remains to be elucidated. CI, complex I; cyt. c, cyto-
chrome c.
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much more pronounced in wild-type cells than in the Rho-0
variants (present study); (b) the Rho-0 variant also is signif-
icantly more resistant to PEITC-mediated formation of
acidic vesicular organelles compared with wild-type cells
(present study); and (c) the PEITC-mediated autophagy is
not observed in the PrEC cell line (19), which also is resistant to
ROS production by PEITC. It is likely that the PEITC-mediated
autophagy represents a clearingmechanism for ROS producing
mitochondria.
Among various sites ofmitochondrial ROSproduction, com-

plex I (site IQ) and complex III (site IIIQo) have the greatest
capacities to produce ROS (48). Whereas complex I produces
superoxide in themitochondrialmatrix, ROSproduction by the
complex III is now believed to be directed toward both matrix
and intermembrane space at about equal rates under de-ener-
gized conditions (48). Because PEITC treatment inhibits com-
plex III activity, it is logical to speculate that ROS may be
directed toward both matrix and intermembrane in our model.
Further studies are needed to determine exact topology of the
PEITC-mediated ROS production.
In conclusion, the present study advances amechanisticmodel,

schematically presented in Fig. 11, explaining the molecular cir-
cuitry of selective demise of prostate cancer cells by PEITC treat-
ment. Translational implication of these findings is that cancer
chemopreventive efficacy of PEITC may be compromised in
the presence of antioxidants.
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